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ABSTRACT

Lead-free solder joints in microelectronic applications frequently have
microstructures comprising a dispersion of intermetallic particles in a Sn-matrix. During
thermo-mechanical cycling of the solder joint, these particles undergo strain-enhanced
coarsening, resulting in a continuously evolving creep behavior. Since the extent of
coarsening is dependent on the stress/strain state, which is dependent on the location
within a joint, it is important that creep models used in joint-life prediction incorporate
these effects. Here, an approach for incorporating the effect of in-situ second-phase
particle coarsening in a dislocation creep model applicable to lead-free solder alloys is
proposed. The formulation, which can be expressed in a closed analytic form following
some simplifications, incorporates the effects of both static and strain-enhanced
coarsening, and can be easily incorporated in current finite-element codes for joint

behavior simulation.
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1. INTRODUCTION

Microelectronic solder joints are typically exposed to aggressive thermo-mechanical
cycling (TMC) conditions with high homologous temperatures and large strain ranges
during service. During prolonged TMC, the microstructures of solder joints can undergo
rapid strain-enhanced coarsening. Since solder joint life is dictated largely by the creep
strain range, which may be influenced appreciably by microstructural scale, it is
important to develop new constitutive models for solder creep incorporating the effect of
microstructural coarsening, which can then be incorporated in finite element models

(FEM) for accurate predictions of joint reliability.

An example of phase coarsening in a flip-chip joint of lead-free solder (Sn-4.7%Ag-
1.7%Cu) is shown in Figure 1, which shows that the fine Ag;Sn particles dispersed in the
Sn-rich matrix coarsen appreciably within 200 thermo-mechanical cycles, and
dramatically by 1200 cycles, with commensurate increases in the inter-particle spacing.
As shown in the size distribution histograms in Figure 2, the average size of the
approximately spherical Ag;Sn particles grows from 0.35um to 1um during the first 200
cycles, with platelets of average length ~2.5um developing by 1200 cycles. The coarser

CueSns particles also grow, but at a much slower rate.

The phenomenon of phase coarsening during TMC has been widely studied for Sn-
Pb solders [1-8], and attempts have been made to incorporate coarsening effects into
creep models for use in joint life prediction [5-8]. Two approaches have been adopted. In
the first, the empirical dependence of the microstructural scale on the number of elapsed
cycles (v.) during TMC is experimentally determined, and then this is used with the
relevant creep equation to compute the creep strain, and thence the solder life [4,5].
However, since the microstructural scale actually depends on several parameters besides
V. (such as strain range, rate, etc.), the applicability of this approach is limited. In a more
rigorous approach, the instantaneous grain size (d) is first computed using an appropriate
coarsening kinetics law during a step-wise solution scheme such as FEM, and is then

utilized to update the creep law [6,7]. However, this approach is complex in its execution
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scheme because of the absence of a closed-form creep law incorporating coarsening, and

as a result, has not been widely implemented.

Additionally, to date, all creep studies incorporating phase coarsening have been
based on Pb-Sn solders. However, the mechanism of microstructural coarsening, and the
way coarsening is expected to affect the creep behavior of Pb-free solders (such as Sn-
Ag, Sn-Ag-Cu or Sn-Cu) are fundamentally different from Pb-Sn solders. The
microstructure of Pb-Sn solders in typical microelectronic joints consists of equiaxed
grains of Pb-rich and Sn-rich phases, both of which coarsen. This affects the diffusional
creep component only, with no effect on dislocation creep. Contrarily, the microstructure
of Sn-Ag, Sn-Ag-Cu or Sn-Cu solders typically consist of dispersed intermetallics in a 3-
Sn matrix, the grain size of which is considerable relative to the joint size (a typical flip-
chip solder joint may contain only a few grains). This minimizes the impact of
diffusional creep. The primary coarsening effect in these solders, therefore, arises from
the rapid coarsening of the finely dispersed intermetallic particles, which is likely to

affect the dislocation creep component.

This paper reports on an approach for explicitly incorporating second phase particle
coarsening into a closed-form dislocation creep law for typical lead-free solder

microstructures used in microelectronics.
2. APPROACH
2.1. Microstructure

The starting microstructure is assumed to be similar to that shown in Figure 1a, with
a dispersion of fine intermetallic particles in a 3-Sn matrix. The coarsening of only one
precipitate type (e.g., AgzSn in eutectic Sn-Ag solder) is considered. It is assumed that
the joint size is small in relation to the matrix grain size, so that a typical joint contains a
relatively small number of grains, allowing the contribution of diffusional creep and

associated grain size effects to be ignored.
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2.2. Creep Model Selection

Most creep formulations for dispersion-strengthened high strength materials contain
a threshold stress term and are based on observations of anomalously high values of
stress exponent (n) and activation energy (Q) [9], none of which are common in lead-free
solders [10-12]. Therefore, typical creep equations for dispersion-strengthened alloys are
not applicable to lead-free solders. Accordingly, the only available dislocation creep
equation for a dispersion-containing alloy with an explicit microstructural scale
parameter [13] is chosen as the starting point. The model assumes that the rate-
controlling process is climb (and eventual annihilation) of dislocation segments over
second phase particles, and is consistent with n and Q values expected for the matrix

alloy. The model may be expressed as:

. Gb\[ 2 )( o)
e=A (E)[EJ(Ej Degr (1)

where ¢ is the quasi-steady state creep rate, G is the shear modulus, k is the Boltzmann's
constant, T is the temperature, ¢ is the stress, A is the inter-particle spacing, d, is the
particle size, and De¢r 1s the effective self-diffusivity of Sn in the solder matrix. In order

to make equation 1 applicable over a larger range of stresses, we may re-write it as:

) Gb\[( 22 .  (ac)]
eE=A, (Ej [E) [smh (?ﬂ D (2)

where o is the power-law breakdown parameter. Assuming that the microstructure
contains a uniform distribution of particles of a fixed volume fraction V¢ (obtainable

directly from the phase diagram), the parameter (A*/d) may be rewritten as :

22 r v
—=A,—o=Agt )
2/3 2
dp Vi
where r is the particle radius, A; is a geometrical constant, and A,' depends on geometry

and the alloy phase constitution. Combining equations 2 and 3, we have:

e=A; (%j r [sinh (%ﬂ D¢ 4)

" The applicability of this model to lead-free solders has not been verified experimentally. It is used here
mainly to develop the approach, which can be adapted in the future to a suitable creep law containing an
appropriate microstructural scale term. Ongoing work is addressing this.

4
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During TMC, the particle size r increases due to both static and dynamic coarsening. It is
well known that phase coarsening may be greatly accelerated when deformation is
superimposed on temperature, because of enhanced diffusion due to the increased
vacancy concentration induced by plasticity [14,15]. The term r in equation 4 therefore
needs to be replaced by an appropriate stress/strain history dependent function, in order to

incorporate the effect of microstructural coarsening into the dislocation creep equation.

2.3. Creep with Coarsening Particles

Accelerated microstructural coarsening during thermo-mechanical deformation is
attributable to the generation of excess vacancies due to the combined effect of (i) the
local hydrostatic stress state (o), and (ii) the instantaneous inelastic strain rate (€). In
general, a greater tensile o, and a higher € enhance the local vacancy concentration in
the solder, thereby augmenting the diffusive flux and hence the coarsening kinetics. In

the following, the functional dependency of the particle size r on o, and € are derived.

The total vacancy concentration at any location within the solder joint at any instant t
may be written as the sum of the equilibrium vacancy concentration and that due to the

applied instantaneous strain rate:

Diotal = Neglm + Dstrn (5)

where ngg,, = exp (— %) exp (%) , and (6)

Ny = EXP [_ ?{fTV J exp (Ggf)Né {1— exp (— ‘cij :| (7)

Here Qg is the enthalpy of formation of a vacancy, Q is the atomic volume, oy, is the

hydrostatic stress at that location, 1. is a time constant associated with the decay of a
vacancy following formation, and N is a constant which scales the vacancy concentration
to €. Equations 6 and 7 are similar to those proposed in reference 14, but are modified to
account for the hydrostatic stress component, which has been observed to play an
appreciable role in phase coarsening in solders [16]. Based on the Lifshitz-Wagner theory

[17,18], the coarsening rate of second phase particles may be written as:
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dr Byy.V .C
= IYsz 22K Nyl (8)
dt 3r°RT

where B, is a constant, ys is the specific energy of the particle-matrix interface, Vi, is the
molar volume of the second phase, C, is the equilibrium solute concentration in the

matrix, and K5 is given by :
K, =Dy /neqlm = D(s)ol eXp [_(Qsol_Qf,v) / kT] )

where Dy, is the effective solute diffusivity in the matrix, and DY, and Qg are the

associated frequency factor and activation energy. Combining equations 5 through 9, one
gets, for the deformation state dependent particle size:

t

3r2%:—BIVSRVTmC° Dyo1 exp (—Glfj 1+ N&[1-¢ T (10)

Now, the particle size r at any time t+At may be represented as:

r(t+At) =r(t) + Ar (11)

where r(t) is the particle radius at time t, and Ar is the particle size increment during a
time increment At. r(t) equals the initial particle size r, at the beginning of the thermal
excursion (t=0), and is updated after every solution step in a step-wise solution scheme.
Based on equations 11 and 4, we can write for the creep rate at time t+At:
E(t+A)=¢&(t)+Aé =A"[r(t) + Ar] (12)

where €(t) is the strain rate at time t, A¢ is the incremental contribution of Ar to the
strain rate, and the parameter A' includes all the terms on the right hand side of equation
4 except r. In a step-wise solution scheme, where T and t are incrementally altered, A€ is
computed at every time increment At, and added to the previous value of €(t) according

to equation 12 (starting from t=0) to obtain the prevailing value of the creep rate

e(t+At). At t=0 and T=Tgan, when r=r,, the strain rate ¢, is given simply by:

. . Gb . (ac)]"
E(t=0) = &,=A; T I, | sinh e D - (13)
start
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To find A¢, we integrate equation 10, and assuming that the radius increment Ar
associated with the time increment At is small, and that the contribution of static

annealing in this short time may be ignored, we obtain:

A

B D

ar = | BitsVYmCo | Do exp(GhQ]N(M( At+ t.e " (14)

RT  )3r? kT
and

_At n

A=A, Gb [ Bi7s VinCo | Doy exp Op{2 N¢7y|At+ t.e * ||sinh a0 D

kT RT 3r,? kT G

................. (15)

where 1. ~ L*(2D,), D, being the vacancy diffusivity and L being the mean distance
traversed by a vacancy before being annihilated via absorption at a dislocation. Here the

term & in equation 10 has been replaced by the term ¢y, where y is the shear strain rate

imposed on the solder joint during TMC’, and ¢ 1s a constant representing the fraction of
v which is inelastic. Since the temperature varies with time during TMC, T in equations
14 and 15 represent the mean temperature during the small time increment At. Thus, in a
step-wise solution scheme, the instantaneous creep rate during the i” solution step is

obtained as &; =¢§;_; + Ag;, with Ag; being given by equation 15.

2.4. A Simplified Solution

In solution-schemes where a step-wise updating of the creep equation by repeated
recalculation of the history dependent term ¢(t) (i.e., &_;) is cumbersome, an
approximate closed-form solution may be derived. First, we represent the instantaneous
particle radius as:
r(t+At) =1, + Iy, + Ar (16)
where 1o 1S the cumulative increase in particle size from t=0 to t=t, such that r(t) = r, +

reum. The resultant creep rate may then by written as:

* o AaAT.x . : : :
For a flip-chip joint, y=————, where Aa is the difference in CTE between the chip and the substrate,
h At
AT is the temperature range of TMC, x is the distance of the solder-joint from the mechanical neutral point
(i.e., the center of the chip), h is the stand-off height (solder joint thickness), and At is the time associated
with the temperature change AT.
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E(t+A)=&, + €y + AE = A'[1, + Ty + Ar] (17)
where €, and A€ (i.e., 1, and Ar) are computed as before.

We may find €, (or roum) by integrating equation 10, and by assuming that (i) the
cumulative elapsed time t >> 1. , and (ii) the term &.t, representing the inelastic strain

accumulated during time t may be approximated as 27%t,.v.¢, which gives the

cumulative shear strain during v, TMCs, each with a half-period of t,.. Here, 7 1s the

Ao (Trnax — Tmin)

average shear strain rate during a half cycle, and is given by ¥ = ht , where
he
(Tmax - Tmin) 1s the temperature range of the cycle. This gives:
By V. C 1/3
Teum = {(%j Dsol (t +2Ny the Ve ¢) + 1‘3} I (18)
and
Gb B,v,V,, C 1 "

. Y = - . aoc

€cum = As (Ej K%} Dy, (t+2Ny the Ve d)) + r(?} -1, {smh (Eﬂ D¢
(19)

where the term Dy, represents the solute diffusivity averaged over the temperature range
of the TMC (Tmin to Tmax), corresponding to a time period t, , and is given by:

Ithc Df)Ol exp (GhQ _ Qsol Jl dt
o k R T

sol —

(20)

tC
e dt
0

For a linear time-dependence of temperature (T=Ty;,+pt) during TMC, this yields :

D, = ——erf —erf 21
sol thc \/% b I: (ﬂo) (Tlc ):I ( )
where D, =D exp (GhQ — QSO]] 1 , (22a)

k R )| Tyin
a:_(GhQ_Qsolj E , b:L’ (22b)
k R ) Thin 2T in
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ab 1
N = g , and 7 =+/ab [% - thcj (22¢)

Substituting for ¢,, A¢ and €, in equation 17 using equations 13, 15 and 19, we

cum

have, for the total strain rate due to creep during any time interval At:

n

RT kT

1/3
K—Bﬂsvmco]]—)sol (t+2N7thcvc¢)+rg} +{BIYSV‘“C°]DSOI exp(GthNdﬁ At+ t.e T

3r02

(23)
With progressive TMC, i.e., as the time t becomes large, Ar becomes small compared

with rom (since At<<t), and equation 23 may be further simplified to:

1/3
. Gb\[ . (ac)]" B1Y,VinC,o | = < 3
€~ Ay (—ij{smh(—G H D¢ K 1 ;Tm_ojDSOI (t+2NytthC(|))+r0}

(24)
where the term within second brackets on the right hand side represents the particle size r

following v, cycles, given by:

1/3
N BleVmCo = - 3
r ~{ [[TJ D, (t+2N7Vt, v, )+r, (25)

Note that for ¥ = 0, r represents the coarsened size due to static aging only, whereas

when ¥ # 0, rincludes contributions due to both static and strain-enhanced coarsening.

3. DISCUSSION

In equation 24, it is assumed that the particle size increment during the last part-
cycle (i.e., Ar) is negligible compared to that achieved in the previous v, cycles (i.e.,
Teum), and that the particles grow incrementally at the end of each cycle. This assumption
allows us to simplify the expression for the instantaneous particle radius r (equation 25),
enabling us to plot r and hence ¢ as functions of thermo-mechanical cycling at any given

temperature. The constant Aj is obtainable directly by fitting creep data for a constant

_At
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microstructure (r) to equation 4, B; (which depends on the second phase volume fraction
V¢ [15]) may be obtained by fitting static phase coarsening data to equation 8 after
replacing the term Kj.ni by Dsol, and N is on the order of 100-1000, depending on the
microstructural scale [15]. All other terms are either known or are estimable from first

principles.

Figure 3 shows plots of equations 24 and 25 for a 150um diameter flip-chip solder
joint situated at the corner of a 20mm square chip, and subjected to TMC between 223K
and 413K, using values reasonable for 96.5Sn-3.5Ag solder. The initial second phase
particle size was assumed to be 0.3um. To enunciate the effect of inelastic strain on
coarsening, a plot of the particle size due to static coarsening only is also given. The
values of the various parameters used in the calculations, some of which are directly
obtained from the literature, and some of which are estimates, are listed in Table I. It is
readily apparent that in agreement with experimental observations (Figure 2), the Ag;Sn
particle size coarsens rapidly during thermal cycling. The coarsening kinetics are
significantly greater when inelastic strains are superimposed on the thermal cycle. It is
also apparent that associated with the strain-enhanced coarsening, there is an appreciable
increase in the creep rate at 400K. This trend is in general agreement with the results of
ongoing impression creep experiments, which show that the measured creep rates can

increase several-fold due to microstructural coarsening [19].

Equation 23 (or 24) constitutes the only available dislocation creep formulation
incorporating the effect of second phase particle coarsening common in lead-free solders.
The main advantages of the proposed model are as follows: (a) the closed-form of the
proposed formulation allows ease of incorporation into existing finite element codes for
joint reliability analysis; (b) since the law has built-in coarsening effects, it directly
accounts for local variations in microstructural scale within a joint, which is influenced
by the local strain history and stress state; (¢) it explicitly accounts for the effects of prior
strain history (e.um), the local hydrostatic stress state (o), and the loading rate on the
coarsening kinetics, and hence on creep; and (d) the first-principles based model obviates
the need for life-prediction approaches based on empirical dependencies between

microstructural scale and the number of cycles, which are strongly dependent on

10
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experimental conditions. Follow-on work is necessary to: (a) experimentally determine
the phenomenological constants in the creep and coarsening equations over a large range

of 6/G and T/T,, for lead-free solders, and (b) validate the model experimentally.
4. SUMMARY

An approach is proposed for incorporating the effect of in-situ second-phase particle
coarsening in a dislocation creep model applicable to lead-free solder alloys with a
microstructure of finely dispersed intermetallics in a soft matrix. The formulation
incorporates the effects of both static and strain-enhanced coarsening. It is shown that
dispersed intermetallic particles in a lead-free solder alloy may undergo substantial
strain-enhanced coarsening, and are subject to a commensurately increasing the creep
rate, during TMC. The rigorous form of the proposed formulation allows step-wise
updating of the creep behavior due to incremental coarsening during any time increment
in the course of TMC of the solder joint. An approximate closed-form solution is also
proposed, where the particle size, and hence the creep rate, is considered to increase only
at the end of a complete thermal cycle. The formulations incorporate the effects of
inelastic strain history and hydrostatic stress state, and can therefore allow different
degrees of coarsening, with different resultant creep rates, at different locales inside a

solder joint, when incorporated in numerical simulations (e.g., finite element models).
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TABLE I: Properties and constants used in calculation

TMC parameters:

Tanin = 223K, Tinax = 413K (AT = 190K)

Ao = 16x10°%/K

h=150um (total joint thickness including bond-pads : estimated to be ~ ball diameter)

the = 15 minutes

x = max. DNP = 14mm (chip size ~20mm square)

¢~=09

Particle-coarsening parameters:

o = 0.3um

V¢ (AgsSn) =0.07

B, = 5x10° m*/moles?
y=0.5J/m’

Vi (AgzSn) ~ 1x10° m’

C, (Ag in Sn) ~ 20 moles/m’

N =3000s

D =7x107 m?/s

Qso1 = 51.5 kJ/mole

on (assumed constant) = 10MPa

14

Creep Parameters [10]

T =400K, c = 10MPa

b

A (—J D = 6.66x 1073 2K
K

N-s
G (400K) = 10.54GPa

o =1300

n=2>5.5

Qer = 39 kJ/mole
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(c)
Figure 1:  Microstructure of a flip-chip joint of Sn-4.7Ag-1.7Cu solder in the as re-
flowed condition (a), and after 200 and 1200 TMCs (b and c, respectively)

from -25°C to 125°C. The cycle period was 1 hour, with a nominal shear
strain range of 0.1. The second phase particles are observed to coarsen

significantly with progressive TMC.
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Figure 2:  Size distribution of second phase particles in SnAgCu joints before and after

thermo-mechanical cycling. Appreciable coarsening is noted during TMC.
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Computed increase in the Ag;Sn particle size in eutectic Sn-Ag, and the
associated increase in creep rate at 400K, during thermo-mechanical cycling
between 223 and 413K with a period of 30 minutes/cycle. The contributions
to coarsening from (a) static coarsening only, and (b) both static and strain-
enhanced coarsening, are separately shown. The total imposed shear strain
range during each half-cycle was assumed to be 0.287, corresponding to a
typical flip-chip joint with a stand-off height of 150um, located at a DNP of
0.014m. During 2000 TMCs, a nearly fifteen-fold increase of particle radius,
along with a commensurate enhancement of the solder creep response, is

noted.
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